Vibration-rotation line lists for AlF, Al 35 Cl, and Al 37 Cl have been prepared in their ground electronic states (X 1 S + ). Experimental rotational and ro-vibrational lines were employed to calculate a potential energy surface (PES) by direct potential fitting. The PES was used to calculate ro-vibrational energy levels. Born-Oppenheimer Breakdown corrections were included in the energy level calculations for AlCl. Ro-vibrational energy levels were calculated for the v=0 to v=11 vibrational levels and up to J max =200 for the rotational levels. Dipole moment functions covering the range of the PES turning points were calculated for AlCl and AlF by ab initio methods and used to determine line intensities. Partition functions for temperatures up to 3000 K were calculated. AlF and AlCl have been detected in circumstellar envelopes and are predicted to occur in cool stellar and sub-stellar atmospheres.
Introduction
AlF and AlCl are members of the aluminum monohalide family AlX (X=F, Cl, Br, I) and can be produced in the gasphase by heating AlCl 3 or AlF 3 mixed with Al to high temperatures (Hedderich et al. 1993) . AlCl also has been detected in a fast flow reactor from the reaction of Al with Cl 2 (Rogowski & Fontijn 1987) . The A X 1 1 P S + -ultraviolet transition of AlCl has been observed in plumes produced by solid-fuel rockets (McGregor et al. 1993) .
AlF and AlCl have astronomical importance. The rotational lines of AlF and AlCl have been detected in the circumstellar envelopes of carbon-rich stars such as IRC+10216 (Cernicharo & Guelin 1987; Ziurys & Apponi 1994; Agúndez et al. 2012 ). The major source of heavy elements in the interstellar medium is mass-loss from stellar winds associated with circumstellar shells of evolved stars. Understanding the physical and chemical processes in circumstellar envelopes helps our understanding of chemical abundances in the interstellar medium (Kwok 2007) .
The existence of AlF and AlCl was predicted in C-rich and O-rich stellar atmospheres in thermal equilibrium calculations by Tsuji (1973) . Although Tsuji (1973) did not consider condensation to form solids, he suggested that the lower temperature (∼1000 K) calculations might apply to circumstellar envelopes. Detection of AlF and AlCl transitions by the IRAM 30 m radio telescope (Cernicharo & Guelin 1987) and the CSO telescope (Ziurys & Apponi 1994 ) supported Tsuji's suggestion (Cernicharo & Guelin 1987) . In a detailed study, Agúndez et al. (2012) measured the molecular abundance of AlF and AlCl in the inner circumstellar layers of IRC+10216 and reported 1×10 −8 and 7×10 −8 relative abundances with respect to H 2 for AlF and AlCl, respectively. Agúndez et al. (2012) also found surprisingly high abundances in the cold outer shell of IRC+10216. Highberger et al. (2001) detected rotational transitions of AlF in the circumstellar envelope of CRL 2688, which is in a protoplanetary nebulae phase.
AlCl has also been observed in O-rich asymptotic giant branch (AGB) stars. Decin et al. (2017) reported the observation of AlCl in the circumstellar envelope of the red AGB stars R Dor and IK Tau in an attempt to identify Albearing species using the ALMA sub-millimeter telescope array.
There is also a possibility of detecting AlF and AlCl in the Sun's photosphere. Asplund et al. (2009) estimated the solar abundance of the elements and reported the abundances of 1.73×10 −6 , 3.16×10 −7 , and 3.63×10 −8 , respectively, for Al, Cl, and F relative to H that makes the detection of AlF and AlCl possible in the Sun. Lodders & Fegley (2006) predicted the formation of AlF and AlCl in L-and T-type brown dwarfs below 2500 K.
Quantitative laboratory data are required to simulate the spectral energy distributions of astronomical objects (Bernath 2014) . A reliable line list to calculate molecular opacities can be obtained through a combination of laboratory data and ab initio calculations. Mahieu et al. (1989) Hedderich & Bernath (1992) recorded a high-resolution infrared spectrum of AlF with more than 500 ro-vibrational lines from bands with v=1→0 to v=5→4. Later, Zhang et al. (1995) extended the AlF ro-vibrational lines to higher J and v in order to obtain improved Dunham coefficients and an internuclear potential. Horiai & Uehara (2006) measured a rovibrational spectrum of the overtone band (Δv=2) transitions of AlF between 1490 and 1586 cm −1 at high temperature with a diode laser spectrometer. Hoeft et al. (1970) used rotational transitions of AlF in the microwave region to determine Dunham coefficients.
Some other theoretical and experimental studies have been conducted in order to obtain dipole moments and dipole moment functions (DMFs). Lide (1965) studied the microwave transitions of gaseous AlF and AlCl at high temperature using a Stark spectrometer and determined the vibrationally averaged dipole moment for v=0 of AlF to be 1.53±0.1 debye (D); however, he did not report an AlCl dipole moment. Klein & Rosmus (1984) calculated a dipole of μ=1.56 D in the v=0 vibrational level of AlF using the SCEP/CEPA method. Finally, Wan et al. (2016) computed the value of μ e =1.3087 D as the permanent dipole moment for the X 1 S + electronic state of AlCl at the equilibrium internuclear separation.
In this study we provide line lists for the ro-vibrational transitions of AlF and AlCl in their ground electronic states up to v=11 and J max =200. Additionally, new ab initio DMFs -) are computed for the X 1 S + states of AlF and AlCl to provide line intensities.
Methods

Experimental Data
1100 high-resolution ro-vibrational and rotational lines of AlF from Zhang et al. (1995) 
DMF Calculations
Ab initio calculations have been performed using the Molpro 2012 package . The aug-cc-pwCV5Z basis set was used for DMF calculations. The active space includes (6 a 1 , 3 b1, 3 b2, and 0 a 2 ) orbitals in the C v 2 point group symmetry for both AlF and AlCl ab initio calculations. The calculations were performed using the average coupled-pair functional (ACPF) (Bauschlicher et al. 1990; Frohman et al. 2016 ) method. The wavefunction utilized for ACPF calculations were obtained by state-averaged CASSCF calculations. The dipole moment was calculated from 1.27 Å to 2.11 Å for AlF and from 1.77 Å to 2.61 Å for AlCl in 0.02 Å increments. The dipole moment points were calculated as an expectation value r y m y á ñ | ( )| at a particular internuclear separation r.
PES and Ro-vibrational Energy Levels
PESs of AlF and AlCl were obtained by direct fitting of, respectively, 1100 and 1544 observed rotational and ro-vibrational frequencies of AlF and AlCl (Le Roy 2017a). Initially, Le Roy's RKR program (Le Roy 2017b) provided semi-classical turning points of the potential energy functions based on the RydbergKlein-Rees (RKR) procedure using experimentally determined rotational B v and vibrational G v constants. The RKR program generated turning points up to v=10. (3):
The EMO potential was chosen for the fit because it requires a small number of adjustable parameters and extrapolates well (Barton et al. 2014) . The dissociation energies of D e = 55564 cm −1 and D e =41653 cm −1 , respectively, for AlF and AlCl, are taken from the literature (Hedderich et al. 1993) and are fixed in the fitting process. Le Roy's DPotfit program (Le Roy 2017a) was used to determine the empirical EMO potentials by least-squares fitting of the lines. Additionally, Born-Oppenheimer breakdown (BOB) corrections were included in the fit for AlCl to account for mass-dependent corrections for AlCl isotopologues. A detailed description of the Schrödinger equation, including the BOB adiabatic and non-adiabatic terms, is available in Le Roy (1999) and Le Roy & Huang (2002) . The resulting parameters determined from DPotfit are r e , β i and BOB correction terms (u i ) with the corresponding fitting uncertainty for AlF and AlCl (Table 1) .
Results and Discussion
DMF Evaluation
The point-wise ab initio DMFs were calculated for AlF and AlCl using the ACPF method as described in Section 2.2. The DMF points are provided in Table 2 Tables 4  and 5 , respectively. The near linear form of the AlF and AlCl DMFs and the large first derivatives (Figures 1 and 2 ) lead to the noticeable decrease in TDMMEs from fundamental transitions to the overtone transitions (see Tables 3-5 ).
The equilibrium spectroscopic constants for AlF and AlCl were calculated using the PESs obtained from ab initio calculations. The calculated constants from this study, along with available constants from the literature obtained from experiments and theory, are presented in Table 6 for AlF and AlCl. By comparison with the experimentally derived equilibrium constants of AlF, the relative errors of calculated constants X X d with X=(r e , ω e , B e , ω e x e and α e ) are respectively 0.04%, 0.50%, 0.09%, 2.60%, and 0.98% with respect to the experimentally measured equilibrium constants. The relative errors with respect to the experiments for the same constants for AlCl are 0.08%, 0.08%, 0.62%, 1.52%, and 0.84%. Overall, there is a good agreement between the calculated constants from this study, those listed in Table 6 , and experimental values. In general, there is an improvement in the calculated equilibrium constants compared to other theoretical studies. 
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Line List
The 
where ñ is the transition wavenumber in cm Cl, and Al 37 Cl are calculated up to v=11 and J=200 and are provided in Table 7 . The line list calculations with transitions up to Δv=5 were included for AlF and AlCl. We note that for Δv>5 the Klein & Rosmus (1984) . b Hedderich & Bernath (1992) . c Wan et al. (2016) . d Langhoff et al. (1988) . e Brites et al. (2008) . f Hedderich et al. (1993) . calculated band intensities no longer decrease as expected (Medvedev et al. 2016) and are therefore excluded.
Partition Function
The partition functions have been calculated for AlF, Al
35
Cl, and Al
37
Cl with vibrational levels up to the dissociation limit including quasibound levels by
The partition functions have been calculated for temperatures up to T=3000 K with 75 K increments up to 1000 K and increasing by 250 K increments up to 3000 K, including temperatures available in the JPL database (Pickett 1991) . As a check, the partition functions for v=0 were calculated and included for comparison purposes with the available partition functions in the JPL database. Partition functions including those from the JPL database are presented in Table 8 for AlF, Al 37 Cl, and Al
35
Cl. The calculated partition functions from our study agree well with those in the JPL database. Polynomial fits of the partition functions of AlF, Al 37 Cl, and Al 35 Cl have been performed using the following expression and the determined a n coefficients are provided in Table 9 : 
Notes. a Calculated partition function including quasibound levels. b Calculated partition function for the v=0 vibrational level. c Calculated partition function from the JPL database. 
